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Abstract 
We proposed a new cold processing method to partially enlarge the diameter of a shaft with a combination of a cyclic bending 
load and an axial compressive load that is lower than the yield stress of sample material. We call this cold processing method a 
diameter-enlargement working method, and call this processed part a diameter-enlargement part. Key features of the processing 
method are chiefly as follows: the diameter enlargement deformation progresses easily under a low axial compressive load at 
room temperature; the processed part has little temperature increase, although the processing causes large plastic deformation.
We have tested the influence of the processing conditions and the mechanical properties of the sample materials in terms of 
diameter enlargement deformation behavior. However, little is known about the fatigue damage condition in a diameter-
enlargement part. Therefore, we carried out processing experiments to clarify crack generation conditions, and simulated working 
processing using finite element method in order to investigate behaviors of stress and strain during the processing. Furthermore, 
we evaluated low cycle fatigue damage in the processed part by using the Manson-Coffin expression. This paper clarified the 
mechanism of crack generation during the processing and evaluates the fatigue strength of the processed part.  
© 2014 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
We proposed a new cold processing method to partially enlarge the diameter of a shaft with a combination of a 
cyclic bending load and an axial compressive load that is lower than the yield stress of sample material. We call this 
cold processing method a diameter-enlargement working method, and call the processed part a diameter 
enlargement part by Iura et al. (1999) The key features of the processing method are, as follows: First, diameter 
enlargement deformation progresses easily under a low axial compressive load at room temperature, through the 
Bauschinger effect or mechanical ratchet phenomenon, arising from alternate stresses caused by the cyclic bending 
load during processing. Secondly, the processed part has little temperature increase, although the processing causes 
large plastic deformation. Finally, this processing does not waste material because it does not generate sawdust as 
cutting does. We have clarified the influence of the processing conditions, such as the axial-compressive load, the 
bending angle, and the rotating speed, and the mechanical properties of the sample materials in terms of diameter 
enlargement deformation behavior by Iura et al. (2002, 2003, 2004). At the same time, we have found that the 
plastic deformation progresses as the rotating speed increases from the above-mentioned research. However, a crack 
occurs at a notch root near a diameter enlargement part according to processing conditions and the test specimen 
breaks. Therefore, this paper investigated experimentally and analytically the fatigue strength at the notch root under 
each processing condition. First, we carried out rotary processing experiments to investigate the position of crack 
initiation and limiting rotating speed of crack initiation. Secondly, we did low-cycle fatigue tests to obtain a repeated 
stress strain curve applied to elasto-plastic numerical analyses. Using finite element method (FEM), we simulated 
the behaviors of stress and strain in the processed part during processing, and calculate an elasto-plastic stress 
concentration factor, an elasto-plastic strain concentration factor and a fatigue strength reduction factor. Finally, we 
evaluated the fatigue strength of the processed part using the Manson-Coffin expression. 
2. Processing experiments and simulated FEA 
2.1. Processing machine and processing procedures. 
The processing machine developed originally is shown in Fig. 1. It is composed of three main parts: an axial 
rotary actuator; axial compressive load parts; and bending parts. Structural carbon steel SS400 (Japan Industrial 
Standard) was used for processing experiments. Its material properties are shown in Table 1. A specimen has D0 = 
10 mm in diameter and L0 = 48 mm long. Processing conditions are shown in Table 2. 
Processing procedures are shown in Fig. 2. First, a smooth specimen is installed coaxially between the dies of the 
axial rotary actuator and axial compressive load, and an axially compressive force P is loaded on the test specimen. 
Next, keeping the load P constant, the specimen is rotated with rotating speed Ȧ while setting a bending angle ș on 
the specimen at the same time. When the diameter of the processed part reaches the target diameter, the bending 
angle and rotation are turned off.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Fig. 1 Processing machine. 
(a)  General view.                                                           (b)  Dies. 
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Table 1 Mechanical properties of the sample.  
Young's modulus E (GPa) 210 
Yield stress ıy  (MPa) 580 
Tensile stress ıb (MPa) 735 
Percentage reduction of area ĳ (%) 37.6 
Fig. 2 Diameter-enlargement working procedures. 
Specimen 
Die in bending side 
Die in actuator side 
L0 
Initial setting length 
Rotating speed Ȧ 
Axial-compressive load P 
Processed specimen 
Bending angle  
L0 
ș 
Fig. 3 Analysis model. 
Fig. 4 Stress vs. strain curve. 
Table 2 Processing conditions. 
  
Axial-compressive force P (kN) 
(Normalized stress ıc  / ıy  
46, 69, 91 
1.0, 1.5, 2.0 
Bending angle ș (degree) 2, 3 
Rotating speed Ȧ (rpm) 60 
Radius of notch root r (mm) 1, 2 
1502   Xia Zhu et al. /  Procedia Materials Science  3 ( 2014 )  1499 – 1504 
2.2. Low cycle fatigue testing 
To obtain a repeated stress strain curve, low cycle fatigue tests were done in an axial strain control. Specimens 
were made based on JIS Z 2279:1992. Strain amplitudes were 3%, 5%, 7%, 10% and 15%. A loaded strain rate was 
0.0001m/sec. 
2.3. Simulation analysis solution to stress and strain distribution using FEM 
Figure 3 shows a three-dimensional model with an eight nodes isoparametric element. Specimen is a deformable 
body, and dies are rigid bodies in the model. The von Mises yield criterion, kinematic hardening law considering the 
Bauschinger effect, and Prandtl-Reuss's flow rule are adopted respectively. A curve of stress vs. strain is shown in 
Fig.4 using the simulation analysis. A bending angle ș and a rotating speed Ȧ are loaded on the left die, and an axial 
compressive force P and the same rotational speed Ȧ are loaded on the right die. The friction force is calculated 
based on the shear friction rule. Coefficient of friction is assumed to be 0.15. Simulation analyses were done under 
the same loading conditions as the processing experiment using commercial FE software (MSC. Marc Mentat 
2013.0.0). 
3. Experimental and analytical results and discussion 
3.1. Position of crack initiation and number of  limiting revolutions of crack initiation 
A perpendicular crack to axial direction occurs on the axial-compressive side, and a specimen breaks though a 
compressive deformation advances when the rotating speed is increased. Fig. 5 shows a crack. A number of limiting 
revolutions is defined to a number of revolutions when a crack occurs, and is shown in Fig. 6 under various 
processing conditions. A compressive deformation progresses quickly as a bending angle and an axial-compressive 
become large, but a number of limiting revolutions becomes small.  
3.2. Behavior of stress and strain in the processing 
Figure 7 shows a stress distribution and Fig. 8 shows a strain distribution in the processing under the condition of 
P = 46 kN, ș = 2 degree and N = 20, as an example. Fig. 9 shows stress behaviors and Fig. 10 shows strain 
behaviors near two notch roots. A cyclic axial stress ıxx is the largest as shown in Fig. 9. An axial strain İxx in the 
axial-compressive loading side changes from the compression deformation to the tensile deformation after 40 
revolutions. And the other hand, an axial strain İxx in bending side is a compression deformation during all  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5 Processed specimen. 
Axia 
compressive 
side 
Bending 
side 
Crack 
Fig. 6 Number of limiting revolutions 
under each processing condition. 
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processing. Hence, a fatigue crack is generated due to the cyclic axial normal stress in the notch root of the axial-
compressive loading side not the bending side, based on above-mentioned. The crack develops in a perpendicular 
direction to axial, and the test specimen breaks. The guess is demonstrated even by the experimental results. 
Fig. 9 Behaviours of stress and strain in the axial-compressive side. 
(1) Stress behaviour. (2) Strain behaviour. 
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Fig. 7 Axial normal stress distribution contour. Fig. 8 Axial normal strain distribution contour. 
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Fig. 10 Behaviours of stress and strain in the bending side. 
(1) Stress behaviour. (2) Strain behaviour. 
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3.3. Fatigue damage in a  fillet during processing 
A fatigue strength decreases in a notch root due to stress concentration during the processing. Then, a fatigue 
strength reduction factor Kf, shown in expression (1), is calculated based on the FEM analysis results.  
 
                                                                                                                                                                              (1) 
 
Where ıl is a partial elastic-plastic stress and İl is a partial elastic-plastic strain at a notch. ın is a nominal stress and  
İn is a nominal strain in a notch cross section.  
Figure 11 shows a fatigue strength Nf' of the processed specimen, expressed by the Coffin-Manson rule, and 
calculated based on the fatigue strength Nf of an original specimen and fatigue strength reduction factor Kf. 
 
                                                                                                                                                                                  (2) 
 
Where kp is a fatigue ductility index and Cp is a fatigue ductility coefficient. In addition, the fatigue strengths 
calculated by using the coefficient of linear cumulative damage are corresponding to experimental measurements 
well. 
4. Summary 
The present study has clarified the mechanism where the fatigue crack is generated during the processing, and 
evaluated the fatigue damage situation of a processed specimen by using the fatigue strength reduction factor. 
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Fig. 11 Fatigue curve.
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